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LXPERTLZNTAL INVESTIGATIONS COWNCERINING THE LILITS OF
DETONATION IN GASEOUS LIIXTURES.*
By Rudolf Wendlondt.

PART 1II.
I. Detonation Linmits and Their Immediate RBorderland

The study here recorded rests primnarily upon an experimental
investigation concerning the limits of detonation in gaseous
mixturcs, published in the Nernst "Festband" of the Zeitschrift
fir Physikalische Cheaie, 110, 637, 1924 (Part I of this paper).**

Since ti.e problem of the limits of the possibility of in-
ducing nor.al detonation in an explosive aixture of gases, by
propaZatiny within them a characteristic explosive wove, had
not previcusly veen specifically investigated in studies made
of the detonaticn process, 1t was decided to undertake the in-
vestization here recorded.

Lle Experimental Data.- Detonation procecses are character.-
iged by intense compression behind the flame (hish pressure) and
a hizh rate of prepagation (km/s). 1In distinction from the ther-
mal reaction precess (normal burning) there is in detonaticn the

formation of a quasi-stationary wave “haractcrlstlo of detona-

*From Zeitseurift fur Physikalische Chewie, 116, 2527, 1985,
**¥For Part I, see H.A.7.4A. Technical “gﬂorandu, No. =53,



[av]

NeA.CoAe Technical Mesorandum No. 554

tion., In long tubes of not too small diameter, the de%onation
wave 1s independent of the length of the tuve, ol its material
and of its diameter. Its velocity is a cnaracteristic constant

of the zasecous mixturc.*

0Q

From the preceding experimental investigation referred to,
it may be seen that by gradually diluting a detonating mixture,
the velocity of the detonating wave will gradually decrease until
a mixture ratio is reached below which a very rapid fall in
velocity is observed for only slight decrease in the value of
the mixture ratio é%. The region where this sharp change takes
place corresponds to a definite mixture ratio., For example, in

the H, + ailr mixtures at initial atmospheric pressure the ratio

by volume ;?; = 19.6% Y, has a velocity of 1820 m/s. A umix-
ture of 18.8% H., by volume has a velocity of 1480 m/s. A wix-
ture containing 17.6% H, by volume has a velocity of 1050 n/s.
Below a certain velocity of propagation, that is, below a
certain mixture ratie value, the propagation of the explosive
wave no longer shows the characteristic of a quasi-stationary
wave. Instead, the wave shows a steady decrease in velocity
with increase of distance traversed. At a definite mixture ratio
the flawe goes out while the initial ignition wave, unaccompa-
nied by chemical change goes on at decreasing velocity. In the
case of hydrogen—air mixtures, this limiting condition lies pe-

tween an 12 and 19-volume per cent mixture. The corresponding

limiting velocity is 1250 m/s. Above this limiting ratio and its

*A mixture is defined by its chemical composition, pressure,
and temperature.
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correspondiny velocity of nropagation, the velocity curve in the
coordinate figurec represents mixture ratios resulting in normal

detonation.

)

ce Interpretation of Results.- At very Ligh velocity n vol-

ume zlement contained within the zone of a cetonation wave has
an exccedingly short period in which transformation may take
place. Thie period is at rost less toen 10—5 second. Compared
with this the period of reaction in a process at constant pres-
sure and abt ignition temnorature is rreat. Cassel (Reference

17 - sec also Dixon - Reference 18) gives {or this neriod in the
case of H, + O, mixtures, 10 ° second. For CO + 0 aix-
tures the period may ve wmuch longer. Transformuation within the
explosive weve must take place at temperatures and pressures
that decrence with greater snd reater dilution of the active
components, till finally the period requirced for tieir transfor-
mation becomes so sreat that thelr tronsformation within the
wave 1g not completed and the flame coes out.

From this viewpoint it could well follow that the rate of
propazaticn of the detonation wove should be constant for ecach
detonating wmixture; the rcactlon period Ior every such mixture
in a guasi-stationary wsve 1s definite, ond would be expected
to full o7 rapidly w.en by progressive dilution the detonation

£

1limit is avproached; that 1s, when the reaction period of the

)

nixture railos vecowme lar.e.
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In passing from a 19% to an 18% hydrogen-air mixture, the
temperature attalned within the wave would, acrording to calcu-
lations to follow, sink by about 80 degrees. If we assume that
in both these cases the reaction period is small, the transfor-
mation in the wave will be complete. Eut suppose that alrcady
in the 19% mixture the reaction is only 4/5 what it should be
for completion, then for the 18% mixture it must be still slower
and less complete because the temperature for this mixture lies
lower. At still lower temperatures the reaction period would be
st11l greater. With decreasing mixture ratios, decreasing
amountes are transformed and decreasing temperatures and longer
reaction periods result, until a quasi-stationary wave can no
longer be supported.

Obviously the rate of increase in the velocity of the deto-
nation wgve, above this 1imit, with increase of the fuel will be
the greater the more rgpidly the reaction period decreases with
rise of temperature. This agrees with experimental results.

In the carbon-monoxide-oxygen mixtures this increase is stecper
than in the hydrogen-air mixtures. Likewise it may be seen why
the 1limit of & normal detonation ﬁave does not lie exactly at
the end of this short range of mixture ratios but lies rather
in the course of this steep change in the velocity of the im-

pact wave,

3. Theoretical Analysis.- The viewpoint that has just been

sketched is quite different from that usually met with in. the
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literature Learing on the subject of detonation. In the course
of this ciscussiocn it will be shown that the concepts in the
earlicr explanrations offered of the detonation wave to explain
experinental results contain the elements of fundamental princi-
ples capable of leading to exact knowledge of conditions deter-
mining detonation limits. That will e possible from the ex-
perimental data in hand. PFor that rezion immediately above the
lower 1imit of normal detonation, it i1s assumed that a stacle
detonation wave may exist in which the transformation is incom-
plete. The conditions determining detonation 1limits agree favor-
ably with computed results. Thelr consideration, however, re-
quireg the assistance of thermodynamics in the analysis of the
transformation preccess. This second section of the study con-
fineg itself to the theory of detonation limits. The third sec-
tion will refer to the application of the theory to cxperimental
results.

II, Thermodynamic Tnheory of Detonation Limits

Both stable and instable impact ard detonation waves may
result from explosive gaseous mixtures. The investigator must
assipgr these to separate well-defined clasces since to these
waves quite different phenomena attach. This second division
of the paper gives an estimate of the experimental data only

so far as the different processes happen to fall under the con-

ditions involved in the zeneral equations given. We shall ob-
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tain rirst of all a satisfactory view in general of the condi-
tions developed and then later apply these »Hrinciples to solu—

tions of marticular caces.

L. A Statement of the General Equaticns.— In writing the

underlying fundamental equations, consideration of the experi-
mental conditions to which they shall be applied are held in
mind., In view of numerous derivations that have already been
carricc out, these equations may at once be written down for

the theory of impact and detonation waves (References 19 and 20).
It would be unnecessary to carry out herec their complete deriva-
tion. Later on their particular application will be considered.

In their most generalized form these equations will be

written for undimensional propagation at constant speed of a
wave in a zaseous or fluid medium without reference to friction
or heat conductivity. Such equations referring to undimensional

propagation may be expressed by a coordinate system

m m
p2v2 2 Z plvl L1

e e e &

1

~a
;_')-

a) Riemann-‘uconiot Zyuations.- Through two cross sections,

I and I1I of the tube, the zcne 2 of transformation noves for-
b

ward in the fluid mediuwm I with constant speed as a quasi-sta-



HeA.CvA., Tezhinicnl Merorandum No. 554 7

tionary wave., Behind this reaction zone there 1s left the trans-
formed medium II. The state, p, v, T, of medium I is assumed
to be kxnown. A coordinate system is made use of (Fig. 1), in
which the reaction zone Z 1s conceived as statlionary while the
media ore in motion; w, represents velocity, v specific vol-
ume, p precssure, T absolute temperature, and E sgspecific

energy. The same quantities of mass, momentum, and energy peT

cubic centimeter pass each cross section of the tube in unit time:

vl v2
.= ’ u 2
1 — 2
v, tp = Rt v, (22)
ulE u??

2

These cquations may take the following rforms:

Py, — P
we = we DB (1)
b, - P
u22 = vz? .{f__.—_—\_fl'_ (8b)
2
B - & = —]2;<p1+p2) (vy = ) (30)

If one crom of medium I pass the stationary reaction zone Z
the heat of reaction liberated is represented by Q. This mag-
nitude is assumed known. The difference in cenergy may then be

written

=1
|
t=1
li
(@}
<
-
i
3
1
&
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Cv, signifies the 2can specifi~ heat of mediun II between the
temperaturcs T, and T,. Its value is a functien of temperature.
Let D designate the veloclty of prepagation nf the zcne 7 in
mediun I af rest; W, the flow velocity of the medium II be-
Lind the znne Z. Then, assuming the equaticn of state of medium

IT knovr,

— — Py ~— pl_ /9.
D u, = v, Ta—— (1)

/o, - p
W= —uw = (v, —v,) /=" (22)
FVa V- Tl) - Q+% <p1 +p2) (V1 “vE) (3"
p, = f (v2¢ T, ). (4)

Riemann deduced cquations (1b) and (3b) in 1860 and instead
of writing the energy equation (3b), wrote the equation for
Poisson's law. The energy law contained in (3v) leads to a dif-
ferent result than does the law for (static) adiabatics. The
equatiocn (3b) was deduced by Hugoniot (Reforence 21) in 1887,
Jouguet (Reference 19) gives a generalized form of Bugoniot!s

law in his analysis of the explosive wave.

b) Jouguet ILquatiocn.- In the relaticnships (1) to (4), all

of the unknown magnitudes D, W, p,, w, T, should be related
to an independent variable D or T,. Yet no real system of eval-
vation for D, W, p,, v,, T, satisfies the above equaticns for

a quasi-stationary wave actually occurring in nature.
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[<e]

We ahall ~onfine nurgelves from now on to ratursl pracesses
accompanied by rcmpression. In mediuvm II, by the passage of the
reaction zone, a rarefactiecn wgve result This wave cannot
Jvertake the regntien zone 1f the preocess 13 a quasi-atationary
cne. Its velcornity 1s an additive magrnitude made up of the flow

velonlty W &and fthe velocity of sound in medium II. Hence we

.
DZ W+ v, v/r: 502N
VAV Ao-o

and from {(ic) and (&r)

agure

Po = By Z _ (dpz
v, - Vg \dvq,,i(,_o

Processee 2nrresponding to the sign < in the inequations are
chaninally instable.
Tuese purely me~hanical relatiorns must conform to thermody--
namic laws (Referernce 20, 351 ff) which, for the rcases under con-
sideration, may be stated in the following two expressions:

1) '"Procesgses invelving the symbol in the inequations

written altove

_— b

are thermcdynami~aliy improbatle." There remains

then the relation exprecsed in equation (5) velow, describing

every stolle quasi-stationary process and giving definite values

to the i{ive equations written above

1St U A SO (5)
v, -~V dvé/ds:o
The Zefinite Telation expressedin equation 5) we designate as
I Q) b

the normal prrcess. It may be stated as Tollows:
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gascous mixturcs. lallaxrd ¢nd Le Chatelicr expressed the opin-
lon that iznition wes brourht abcut in the Jdesonation wave oy

the kigh tewmperature resulting from intence adiatatic compress-

o

ion, and that the oxcessive velocity of oropagation obscrved
for the wave Was due to the propagation of the intense impact
wave In the racecus mixture. The much slower rete of propaga-
tion of the rcaction zone cbserved in normsl burning, they ex—

2

plained on the ground of thermal conductivitr.

Up to the prescnt time, however, difficulties heave been met
with in attempts to haruonize completely thesc views of Le Chat-
elier with the ccnsequences involved in tle cquations Tiven
above that have been found to cgree so satislfnctorily with ex-
perience., Small surcess hes followed the atteupt te develon
a simple explanation of detonation proresses from this direction.
The present study concerns itself sclely wita detonation limits.
Tae solution of the couses of the discrepencics mentioned
cvidently the importent provlem now open in the tleory of the
detonation wpve — will be considered in a later contriovution;
but 1t may nere ve remarked that the question cf friction and
of heat conduction that wes ignored in the derivation of the
above written equations 1s not apt to nlay an important role in
constructing a simple explanation from the equations in calcu-
and velocity. The indi-

lating irom them tempernture, pressure,

cation is rather that the solution will net depzrt fur from the
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2) "The normzl process corresponds tc the minimom of all

the equations (1) to (4) involved ia the expression for the

veloclity, T." Prccesses occurring abeve normszl velocity are

mechanisally instable or thermedynamically improtable.

The content of the five equations in reference to their
anplication to a large number of daifferent yet closely related
phenomena will be met with in their applicaiion to specific
cases. dJouguet was the first to make use »f them all in the
second part of nLiis notablc work on the theoreticrl analysis of

the cxplosive wave. At first he considercd equation (35) free

from exception.*

c) A Simple Interpretation.— The analytical investization

of Riewann and Hugoniot iorm the basis and point of departure
for all analyses of the detonation wave. Unfortunately their
results Tewained for a long time unnoticed. In the meantime a
simple exolaration of the detonation process and the scmevhot
similar one of norwmal burning was brought forward by Nallard
and Le Chatelier (Reference 1), Berthelot nnd Vieille (Reference
4) and Dixon (Reference 6) introduced into the explanation un-
necessary meclecular-theoretical considerations.** It was this
viewpolnt that provided the incentive that led Jouguet to under-
take his tlhieoretical analyasis of the process of detonation in
*The cquation wos made use of bv Chapnen {(Reference 22). A
rigid derivation of the equation was first given by R. Becker

(Reference 32), ut it should be noted that the equation neither
presupposes nor excludes instability. /8, 75 (1908)),

**See Jouzuet (Reference 19/  also Nernst (Reference 24, and
Reference 5, p,708).
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views cet forth by Le Chatelier.*

2. Stable Waves in the Region of Detonation Limits - (Deto-

nation and Sound).-— In the literature it is often found that
detonation wpves are cecmpared with sound waves of very high ve-
leclity - those first noted by Mach. This relationship calls

for further explanation: It will be shown that a normal detona-
tion wave is closely allied to a sound wave, while impact wrves
are tc ke considered as special cases of instable detonation
waves of nver-normal velncity. By applying equntirna (1) to (5)
to dilute mixtures, it will further te shown that waves in the
region 6f detenation limits must be ccnsidercd as waves in which
incomplete chemiecal transformation oscurs.

Equations (1) to (5) cover every case of stable quasi-
staticnary vrocesses. For a given initial condition they de-
termine this unequivecally. All necessary data are given by the
stoichiometric equatinn for the reaction together with the corre-
sponding hecat of reaction. As long as the problem is one of
normal detoratien only and that far enough removed from the re-
gion of limits, equaticns (1) to (5) give one aad only one value
for T,, p,, vz, D and W. Jouguet calculated in this way twenty
different detonating mixtures and found his calculated results
to agree excellently with theose cobserved for the same mixtures
(Reference 19).

*See Nernst (Reference 5, p.788). Deductions from L& Chatelier's
conclusicns must, however, be made with scme caution for 1t ic

evident that in certain details they must be modified. For in-
stance, Poisson's adiabatic law will not apply.




JeA.CuA, Techinicnl Llemorundum Npo. 554 ‘ 13

We shall now apply the above formnulas — (1) to (3) - for
normal detonation, to explosive gaseous mixtures wore and more
diluted oy inert sas, t1ill we have overreached the limit of
normzl detonation. We seek to determine by this mrocedure whot

further interpretation be given to the equations when the 1limit

of detonation is reacaed.

a) The Culculation of Stable Waves.— By introcducing the

-

equation of state [or idesl gases, equuticns (1) to (5) may be

expresscd in modified form.*

m = P,‘e_, a == T_e. Moo= y]u N
D T’ v,
1 1 <
Cy 15 the wmean specific heat of medium II vetween T, and T

2

Y. is the ratio

)

and is o fuanction of thece temperaturcs

of the %x1ue specific hcuts of medlum II ut teamperature T,

2k

and is o function of this temperature. Eouations (1) to (5)

will then talke the following forms:

w o= H-~-1p (7)
L
_ r T
oy, (To = 7,) = Q+ 35 -1)(r, T, + 2 =) (8)
T o= T_B.Eau (9)
1 T1
5 r, T
Yo ¥ o—u (Y, +1) = - 2% (10)
Q _ . -~ e
*For ideal ruses since p, v, = r, T,, eduation (5) becomes
b, =Py _ o
S & (5a)
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Equation (10) muy ve written

N 2 L m -
: b= 2t ly / ( feg*.i\,\‘ B
3 We ) W% s T, 4 Ye

by whick an approxzimate value for u uay be found by introdasing

a value found for T,. Eguation (8) then gives o closer value

for T,. This calculation between (10) and (&) is reneuted un-
til u end T, nre determined with n accuracy desired.  Waern

this is attained the remaining equations give all the other
nagnitudes dceired,

Tor the cas. of diluted hydro,en-air mixtures the detonn-
tion velocitv may be nolculated Iron the tacoIy on the ooswam-—

tion of complete treonsformation. Fer crlculation, let tho fol-

. - . s - O -
lowing dato be given: p, = 1,013,300 dyn/ce, T, = 30T cbs.,
20414 e X . . .
v, = ~i?“3 X :;% cem  (1f, = meen woleculer weirht of tue mix—
iy (S -
ture ) ; R = 1.087 cal; wmolecular veight of air 88.98, of

nydrozen, 2.018, ctc.; the meon molecular weight betvoen 0°

£°¢,
_1:2 .__.(42 - 4 N
Ov® = Oy° = 4.20 + 4.5 x 10 t cul/wol (R.fcvences 85 wnd 26)

G2 = 4.70 + 4.5 x 107 %t cnl/mol
TH20 LogLoos + 5 x 107%t + 0 x 10 2 eol/a0l

The heat of Tormation of one ol water vapor at constent velune

at 201° abs. will be according to Jeinst, 57290 cal.
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1

.
|
3
I
|
i

13.84

11.37

1.00

——— e e

ar0n
[S] 4‘9 b

089

™

o

291

v
1.78

-

1.72

1.00

Y) Detonation and Sound.— At infinite dilution, @ would
be O, 1 = I,, and it may be seen ot once that under this
assumption the equations sive the following values:

T, b, /¥ 5T, n-1, w-o

These valuecs show that we have only 2 sound wave in sieaiun
I. e taus find that by vrogregssive diluticn of the fuseous

mixtures,

the velocity cof

the detonation

wove

approaches

the

velocity of sound 1f the reactiorn in the diluted mixtures is
complete, It ey further “e seen that this result is independ-
ent of the particular form of the equation of utote (cece (1le)

and (8) ) tnd helds olso for equations (1

)

v

and (5).

The

sound

wave thus o .pecerc ns only o cpeclal cane of noranl detonatlon;
or, converrely, in normal detonation we have the caso of o gen-
eralized ”Glid pTopasa tlrn theory if we arc to follow the consc—
*If the Qh<01;1 heat of zecium IT in CkQ*OQSEW Ty o linear tem-
perature function, tier 1t would only be nccessury te solve
quadratic @OU&UlOW“ ir order to deterwine M e o, Unfortu-
nately, thiic is not in ~wonoral the core, ond the tedious colculin
tion Ley procticnlly Lu aAnde only by repeanted cotimate. The cal-
culated vrlues rre cosiest checked bJ substitution in the equa--
tions. Ir the cese of dilute mixtures, equetions (8) to (10)
can give only neximua veoluces for detoh( cion velocelty 1f complete
transioruantion ic assumed.
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quences of thermodynamic lows,

c) _Steble Incomplete Detonantion.- An cttempt will be made

to follow couations (1) to (5) beyond their assumed limits.
The derivetion of thesc equations assumes their applicability to
every stable guacsi-stationary process. They must hold up to
the 1imits of possibility of supporting a detonation wave in an
explosive uixture or their utility becomes questionable. Bu
1t ig possivle to compare the curve of observed detonation ve-
locities (Fig. 2) with the curve drawn from Table I, civing
celculated vslues of detonation velocities on the assumption of
cemnlete transformation. This simple investigation of the deto-
nation equations in the region of 1limits has tecen neglected or
overlooked; very 1little experimental dota exists for this re-
gion. Most investigators héve assumed comnlete transiormaticn
(equilibrium) in the detonation wave even for limiting valuecs
of the gaseous mixtures (Reference 13, p. 72). Under this as-
sumption no steecp fall in velccity in the region of limits 1s
indicated oy computed values. The equaticns in this region
must conform to cxperimental results. This would require that
the behavior of thie reaction process in the region of limits
receive demonstrable explanation by which the equations could
be made applicable to the experimental curve in this region.

An explanation of the sharp fall in velocity of the deto-
nation wWgve in the region of limits may be oifered on the as-

sumption that in this regicn ceomplete transformaticn within the
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wave daes not teake wlace. ilore accurately exprenned, the heat
of Teaction Q Teguired for the propazation of the wave coes
not hazve the value attributed to the complete combustion: of the
fuel in the wixture. During the time allotted for complete re-
action by the pescsge of the wave, not all of the active gases
are transforned. Indeed, the amount transformed in this period
is the less the lower the temperature is during transformation;
i.e., the nearer the mixtures spproach the limit. On this as-
sumption, equations (1) to (5) will show a stecp fall in veloc—
ity in thic region and will be gpplicavle so lony as the wave
remains starnle z2nd quasi-stationary.

At the same time it is to e obgerved that the assumption
of & normal wave and incomplete combustion while 1t does away
with theories of recistance to the reaction, introduces an 1u-
terestins festure into detonation theory since it sucrgests a
way by which detonation measurcerents wmay te employed to investi-
gate the rclation between reaction veloclty and temperature in
thege Treactions characterized by unucually high temperatures
and velocitics,

The utility of equations (1) to (5) over the range ol nor-
mal detonation is well established. If o procenss somewhal resen-
vling detonation occurs below detonation limits, as may be in-
duced in the mixture by the intense iznition wave, it 1s evi-
dent there will be a tendency to fall off rrom the conditions

that fulrill (1) and (4) and particularly (5). This finds its
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explanation on the basis of the length of the reaction period,
where the velocities may gradually decrease t1ill only the veloc-
ity of sound 1s reached. If it were nossible at any instant to
know all of the factors of condition that together would be re-
quired to evaluate the equations, the required § for the com-
plete combustion of the wmixture could not be attalned during
the period allotted to the passage of the wave., The wave races
ahead before the rfull vslue of @ 1is reached. Ultimately the
reaction ceases and the sound wave marks the lower limit of the
decreasing velocity in the gases. This sound wave, however,
posgsesses the characteristics of a stable quasi-stationary wave
and satisfies the five equations.

d4) The Detonntion Curve.- The sound wave is, in fact, to
te considercd as a specisl (limiting) case of a normal detona-
tion wave., If t.e¢ reaction velocity along with the temperature
and pressure were high, the curve for detonation veloclity over

Hil,

the region of progressive dilution referred to would continue
to show a constant rate of propagation for each mixture and for
infinite dilution this rate would be the rate of sound propaga-
tion. In reality, however, the detcnation curve pacses at a
bound from its limiting value to that of sound. Above this lim-
iting value the figure may show two curves of normal detonation
since the sound wpve curve may extend beyond that given by the

limiting mixture. The lower curve indicates metastable waves

that are only possible when the reaction velocity at sound wave



TWALCJ A, Terhinical ¥eliorandum No. 554 19

temperature is neglizibly small. There are highly sensitive
substances in which scarcely the small energy in a sound wave
suffices to bring them at a bound to normal detonation. Inctable

waves lying btelow normal detonation as well as instable waves

lying above it are considered in the followinz sectior.

Je._Inntable Waves near Detonation Limits.—- Those impact

waves of high velocity first observed and described by Mach, are
considered, as will be later shown, as special cases of instable
detonation waves. An analysis of these waves in the region of
detonation limits will be undertaken by quantitative calculation
of thelr velocities in the fluid from its condition factors. A
comparison of these values with those experimentally obtained
from lower values of the dctonation wave will be made and dis-

cussed 11 Section III of this paper.

a) Impact Waves and Instable Dctonation.— It has already

been shown that stable detonation waves are completely described
and determined by equations (1) to (5) for any specified mix-

ture. Dub within this same mixture any number of other instable
waves arc nossible, Any of these posasible instable waves coTrre-
spond to equations (1) to (4). As already pointed out, the five
unknowns D, W, , i, T. are related to an independent varila-

oe

tle. Let %his/ T,y for example, then a cefinite instable deto-
nation process is determined, and all other data - the velocity,

for instance — may be calculated from equations (1) to (4).
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Equations (1) to (4) determine in this way »n impact wave
or an instable, too rapld detonation according as @ vanishes
or has o finite positive value. An impact wpve may e consid-
ered then as a special case of instable detonation. An iastable
detonation wgve mey be induced, for example, by a too intense
ignition impect wave. Thils case has been observed by Kast in
solid explosives. The initial ignition impnct wave develops at
first in the zasecous mixture a wave velocity above normal.

This over normal velocity dquickly falls to normal detonation
velocity of the nixfture. An intense ignition impact wave im-
parted to a gaseous mixture (air) in which no reaction takes
place and in which no energy 1s liberated, rcepresents a specilal
form of instable detonation, a compressional wsve whese veloclty
ultinately sinks to the velocity of sound in the gaseous mix-
ture. Instable detcnation in the sense of the theory may occcur
also in gaseous mixtures belcew the 1imit of supporting a normal
detonation wave. The observed fall in veloclity in these cases
leads alsoc to the velocity cof sound in the gases.

b) Jouzuet Equation.- From all of the poasible processes

represented by equations (1) to (4), Jouguet's Zguation (5) de-
termines that for a stable, quasi-stationary process that de-
scribes normal detonation ¢r normal sound propagation. The
sound wave is the only stable compressional wave, Every insta-
tle detonation possibility in a mixture can only attain to a

stable quasi-stationary process in a sound wave. This 1s exact-
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ly what the writer has observed in the course of the present in-
vestigation. Normel detonation is the only stable detonation
wave and at the some time the slowest ponssible from the (1) to
(4) relations. In the same sense the sound wave is the only
stable compressiensl wzve and at the same time the slowest.

c) Iznition Impact Waves.— In the analysis of sound wgves

the problems are considered from the standpoint of purely hydro-
dynamiec principles. For the same reascn the analycsis of the
detonation wrve should rest on the same principles so far as
such analysis has to do with the pressure, temperature and rate
of propagatien nf the wave. The detonation velocity is ex-
pressed by thermodynamic factors as 1s the velocity 5f sound.,
Its experimental explanation does not in general accommodate
itself to molerular theoretical considerations (Reference 5,
Pe7H3).

The fact that in meony cases the pressure and temperature
may be calculated from the cbserved velocity, hos not often been
put to practical use. Evidently this possibility would be of
unusual value. It could be determined, for example, whether or
not the temperature in the ignition impact wave corresponding to
its velocity was sufficient to heat the explosive mixture to
its ignition point. Use will be made of this possibility in
the last (III) section of this paper and some numerical data
obtained will be given.

From the above consideration an impact wave will assume in
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the mixture - charocteristic detonation process 1f the tempeTro-
ture and pressurc of the iwmpact wave nre sufficient to couse a
short reaction veriod of the mixture in the wave. In this Te-
spect the ignition impoct wave becomes o unusucl interest.

If we know at whot temperature the reoction becomes great, we
are gble to determine from equations (1) to (4) the correspond-
ing inmpact veloecity. From this velocity on, the ignition im-
pact wave will develop either into a stable detonation wave or
an ingtoble ene cccording as the gasecus mixture lies cbove or
belew the limiting velue for detonation.

d) Ignition Temperature.— We shall confine the calcula-

tion of temperature within impact waves to the region of the
inflammation points of the gasecous mixtures; and before carrying
out the oomputations cive some experimentol data available on
the stbject. The following table is drawn from data given by
Folk (Reference 27)

Dixon (Reference 18), Cassel (Reference

H

17), also Nernst (Reference 5, p.767).
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Iznition Temperature {Avsolute)*

TACLE II. Hydrogen-Air kixtures

% H, 50;11 Icnition Temperature
in air Falk Falk Dixon ~_ Cassel
15 135 920 940 830
20 114 900 3930 80
TABLE III. Carbon-lionoxide-Air
% CO
in air 80n, Falk
20 254 1140
28,7 133 1010
40 05 980
€0 63 1030
(80 42 1090) extrapolated

The values given by Cassel should corregpond to the defini-
tion of ignition point given by Nernst for a longer (0.Cl second)
reaction peried. On the other hand, the values given by Falk
correspond to so violent reactions that the fall of the weight
and piston was checked snd thrown back by the explosive reac-
tion. Exactly for this reason his values are of particular in-

terest in the present study.

*The first columns of Tables II and III give the influence of

the diluting gas N estimated by Falk's formula. Table II shows
values of other observers when modified by application of the

same formula - a proceeding hardly allowable if more than a

rough estimate is desired. However, it is only a matter of rel-
ative differences. For a resume of the earlicr literature, sec
Dommer (Reference 28). Dixon and Coward (Reference 29) used
other methods. There are given below, in Table IVa their results,
together with those of Mallard and Le Chatelier.

TABLE IVa. Ignition Point at Atmospheric Pressure

o Hydrogen- CC-mixtures
i mixtures
dMellard and Le Chatelier 830 930

Dixen and Coward 860 920
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¢) Coluulation of the Impact Wave.- In carrying out the

calculation, use is made of the relatienships intrcduced in the

previous scction. Besides those there given, we add the follow-

ing:
ZCV
- jo MR
1 T -
1
(cvl = wean specific heat vetween T, ond Tp; Iy = gas constant ),

and proceed to the calculation of the impact wave through appli-
cation of equations (1) to (4), eliminating the unknown Vv, Dby

equatinn (4); wmedium II is zaseous:

V;., = i['———-—? T2 .
‘ 2
Assuning Q = 0O p, v, =1, T; I =TI
we have 7 :
i + 1
D = r, T. —pt—0=> (11)
v/ S
W= (1-%)0 (12)
moe E (o) /[—gi(w - 1) -3 (13)
= 5 =
Vo = %vl (14)

If initizl and end teuperature T, and T; are ignown, then
lTl

R\

d = and for any value of §, we obtain from (13) the corre-

rﬂ{
-

[=}

sponding impact pressure and may calculate from (11) its velco-

~a

ity. The vulues given in the following Tables (V to IX) are
In

results cnleulated in this way. Their interpretation will be

oiven in Section III.
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_TABLE IV. Carbon Monoxide-Oxygen Mixtures
% 00 in 0, FPalk Dizon
3343 990 ) * -
40 900 )* -
50 400 -
867 £70 7€0
80 300 -

Impact Waves in H -Air iixtures

Relstive Pressure Increase m (= p,

in atmosphercs)

% Hy 7, = 7009 528° 900° |  1000° abs.

o | - 11.67 - 15.49

5 - 11.65 13.33 15.47
10 - 11.64 13.21 15.45
15 £.85 11.62 13.10 -
20 8.83 11.60 - -
25 - 11.58 - -

TATLE VI. Rate of Propagation D in meters ner second
% Ha T, = 700° 828° 200° | 1000° nbe.

c = 1086 ~ | -

o - 1111 1183 ! 1877
10 - 1139 1212 1308
15 1023 1169 1243 |
20 1051 1301 -

s - 1235 - |
Impact Waves in CO-Ailr ilixtures
(2.03% H,0 at 2919)
TARLE VII. Relative Pressure Increase
m {irdependent of composition)
T = 8000 r 9280 10000 abs.
11.09 15.93 15.54
*Extrapolated.
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—

TARLE VIII. BRate cf Propagation D in meters per sccond

/6 CO | 7 = 800° | 3387 abs.
0 k - | 1188

10 ! 1084 | 1190

25 | 1087 | 1103

o0 | 1072 | 1198

98 | - ! 1308

Iopect waves in 00-0, mixtures (2.08% H,0). The pressure

n, in atm. 1e given in Table VII.

TAILE IX. Rote of Propagation D in meters per second
% 20 T, = 800° 938 1 1000° ovs
10 . 1016 1es 1201

25 i 1028 1150 | 1213

50 | 1045 1169 ‘ 1333

2k | 1081 1308 | 1275

TII. Detonation Limits of Gineous Nixtures

For the gascous combinations, hydregen-nir, cerbon-monoxide-
air ~nc caorbon-monoxide-oxycen, we haove at hand ample experimen-
tal dato concerning their detonation limits. In what follows
we shall show thot in the cose of these mixtures the observed
detonation velocity in the limiting mixtures has about the same
value as the velocity of an impact wave coslculated IoTr a like
mixture from its temperature and from the precsure resulting
from o quick chemical transformation ol the gases.

The seneral course token by the detenatlion curve in the Te-
cion of its limit has rlready been reierred to in previous par-

ngraphs. We shall now undertake its consideration from a quanti-
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tative standpoint. From relationships obtalneé from thorouzhly
investigated gascous mixtures it will be possible to nroceed to
those less definitely known and establish fundsmentel theoretical
principles for explcsive gases whose abllity to support a deto-
nation wave has not been so thoroughly tested experimentally.

A valuable practinal reletionship betwecen ignition point and
range of detonation possibility for = large number of important

gaseous mixtures will be shown to exist,.

1. Bydrncren-iir Msxtures. a) Data Near the Region of Lim-
Jmmi At DU S el

its.— We snall consider separately the mixtures that have been
experimentally studied and take up first those of hydrogen-alr.
The course of the detonation curve in the region of its liwits
iz shown in Figure 2. The detonation 1limit lies between 15 and
20 per cent hydrozen in the mixture. The velocity of the wave
was measured at a lcss and at a greater distance from the aper--
ture of the ignition tube. The value of the velocity as obtained
over ecach of thess measuring distances must agree 1f the wave

is a normal detonation wave and hence lying abcve the detonation
limit. The velocity curve in the neighborhecod oI the 1imit
branches into two curves, cne nbove the other, because the wave
velocity of mixtures below the 1limit, decreases with increasing
distrnce.. I7 the hydrozen per cent in the mixture sinks below
10% the flame soes out 2 short distance from the igniticn tube.
Weak waves lying below detdnation limit are describted by cqua-

tiens (1) to (4); but equation (5) deces not apply to them since



MoA.C A, Techniesl Memorendum Ne. 554 26

they are inataeble. The heat of reaction Q@ c¢f these wgves de-
creases og does thelr velnclity and is much lower in value than
that for a detonating mixture just abeve the 1limit.

b) Immact Waves.— We shall consider first the velcelity Te-

lations pertaining to those impact waves whose hemperature and
pressure corresponding to thelr hydrogen-air compositien 1s pro-
duced by very rapid chemical transformation.

For 157% to 30% hydrogen-air mixtures, according to Nernst,
their ignition point is abeut 800°%abs. At this temperature,
nowever, tne duration of the reaction would be unusually sloW.
Falk zivees the ignition temperzture of this mixture about 900°
abs,, and his values correspond to a Very rapid transfcrmation.
These vslucs correcpond to an ignitien pressure of 50 atmospheres,
but the influenss of this is not very zreat; the values gilven in
Table V would te increased by about 50°. Accordingly, the im-
pact wave reats the wixiture to a final temperature of 850° -
exactly the same as required by Nernst's definiticen for a reac-
tion pericd of 107° gecond. Such a mixture at 2509 would be
transformned quicker. Veiocities corresponding to these tempcI-
atures are indicated in Table VI. In Figure &, points represent-
ing veleccities for correspending impact wave temperatures are
shown.

It may be nbserved st once that all impact isotherms in the
recion of the ignition peints of the aixtures corrcspending to

the steep porticn of the velecity curve, tally with observed
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velocities., This fact supports unususlly well the viewpoint de-
veloped in the preceding peges.

c¢) The Limit Uixture Ratic.— The velocity of the limiting
mixture ratio mey e taken as 1850 meters per second, An inspec-
tion of Figure & will show that this velocity correspcnds closely
to that wmixture in which unusually rapid transformation begins
to occur. It will be shown further on that this relationship is
not accidental. As an illustration, one might picture how a lim-
iting wmixture in which normal detonation is nosgible would react
to impact waves of different velocities, i.e., different pressure
intensities.

Impact waves slower than the limiting one stated and wnich
would not te capable of inducing in the wuixture rapid encugh
transformation, would not bring about normal detonation in the
mixture. It would produce a wave of decreasing velcecity finally
ending in the velocity of sound. In brisant mixtures, on the
other hand, those lying well above the limiting mixture, it would
induce a reaction that automaticeslly would cnd in the stable
quasi--stationary detonation wave characteristic of that mixture.
Dixon obgerved in a Knéllgas mixture fired at the erd of a tube
by a spark that normal detonaticn developed after the reaction
zone had traversed only four feet of the tube, Such an automatic
increase in velocity would not be possible in a limiting mixture.

And in a mixture still weaker than the limiting one, detonation

is impossible by any ignition mede. In any case the impact wave
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to produce ncrmal detonstion in the limiting mixture must be in-
tense enough to induce a reantion periocd in the mixture equal to
nT lens than the reaction period of its characteristic normal
detonating wave.

d) The Ooleoulation of Detonation.-— We shall have occasion
in the following pages to refer often to the theoretical efua-
tions alrcudy piven describing the process of normal detonation
and to show that an applicatien of these is supported by the ex-
perimental data in hand. For the present, let us refer again

zives calculated

to such cnleulations already made. Table I

detonation values in dilute hydrogen mixturcs as derived from

9]

equations (1) to (5) and under the ascumption of complete trans-
formation within the wave, It is further assumed that in these
cases, disaociation is negligible, (Reference 5, p.783) dut ac-
cording o my opinion, complete reasticn in those mixtures lying
near the 1limit of possible detonation does not take place within
the period allotted by the passage ci the wave. This conception
would require that the velocity curve in this regien chould fall
below the thenretical curve for complete tronsformation and neg-
ligible digsneiation, but unite with it fer the higher mixture
ratios. This correspends with the relaticns shewn in Figure 2.
The measurements of Dixen ceorrespend very well with this rigure

for the higher hydrogen nixtures. These racts are offered in

support of deductions already made,
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2. Carvbon-Monoxide-Air Hixtures.- Carton-monoxide-air mix-

tures nresent  a case in which normal detonation does not occur;
and vet the relationships expressed for mixturecs of hydrogen and
alr arc significant also for the case of thesc nondetonating
mixtures,

5) Data near the Resion of Limits.— At ordinary initial

pressuie s normal detonation wave cannot be induced in carbon-
monoxide-air wmixtures.* In every case the veloclty of the im-
pact wave as measured over the first measuring distance of the
tube, was greater than thet measured over the second. The val-
ues obtained from the first measuring length are plotted 1n Fig-
ure 5., The grentest veloclty here observed was 1030 meters per
second, and correspornded to the 40% mixture. In like manner

the values nbiazined from the second, more remote, measuring dis-
tanee of the tube is slso plotted in Figure 3. In all cases
these values lie below the values for the same mixture obtained
in the first measuring distance.

b) Initial Ignition.- Besides these observations the ques-

tion could azrice if a more intense ignition wave might not pro-
duce normal detonation wgves in these mixtures. The most in-
tense detonation wave conceivable that could be produced in that
mixture corresponds to equivalent proportions as given by its
stoichiometric equation for complete combustion. When this wave

is congsidered in every respect relative to its tempergture pres-—
*The mixtures of these gases investigated all contained 2%7Water
vapor. Investigatiocns of these gases at initial pressures aktove
1 atmosphere were not carried out.
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sure and heat of reaction, ctc., and is found to be exceeded by
the ignition impact wave, nc other mixture will be capable of
supportins a detonation wave that is not surpassed alsco by the
ignition impulse. The initial ignition impulse then is adequate
in all coses to produce a detenation wave in the mixtures if
they are =ble to support it.

The initial ignitien impact wave was procduced by the deto-
nating mixture 3 H, + O,—-» This initial wnve is ruch more in-
tense thsn 3he most intense possible wave in the ctcelchiometric
mixture 25.7% 00 + alr —>as an estimatien ¢n the Tasis of equa-
tions (1) %¢ (5) will shew. Special computed values will not be
given here sincsz ~ompused values for twenty such mixtures have
been given Ly Jouwriet (Reference 19). The pressurc and tempera-
ture of the initinl ignition wave are cven higher than those for
the maximuwa wixture of 2 €0 + O,—=x The :ase in hand offers no
exception tc tnc wide application of the eojuations for detona-

N .

tion that have been ziven. The reaction ecnergy of any mixuure
of 00 + air 1is irsufficient at initicsl atumcspheric pressure
~to support =z detonotion wave,

By increasing the intensity of the initlel ignition wave
quicker transformation of the mixtures over longer lengths of
the tube will follew; but in no case will s wave of norwal deto-
nation result. Woves of high but decceasing velenity comewhat
resembling o detcnation wave but depending on the initial inten-

sity of the ignition wgve are possible in CO + alr nixtures.
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Such instable waves of weak order are those represented in Fig-
ure 3.

c) Kinetic Cheracteristics of the Reaction.— The opinion

scems %o be well nigh universally held that explosive mixtures
made up of equivalent proportions give the most intense detona-
tion waves. If the reaction within the wave is complete it 1s
a fact that the stoichiometric mixture gives the mcst powerful
detonation. FEut this is evidently not the case in mixtures di-
luted by inert gases. In line with the explanation that has
been given concerning conditions existing in the region of deto-
nation limits, it is not the stoichiometriec mixture that gives
the greatecst velocity but that mixture having the lowest igni-
tion hoint. This mixture, according to Falk (Reference 18), is
a 40% mixture (sec Table III). 1In reality, it was this mixture
that rave the highest velocity of all the €O + air mixtures.
So that we may say of mixtures that cannct support normal deto-
nation, that instable wave has the highest velccity that corre-
sponds to the mixture of the lowest ignition point.

d) Imnact Waves.— In considering the case of the hydrogen-

ailr mixtures, it was stated that the descnation velocity of the
limit mixture somewhalt resembled the velocity of an impact wave
that induces in the mixture a high rate of transformation. Ac-—
cording to Tables III, IVa, and VII, there might arise tempera-
ture conditions in CO-air uixtures of over 930° abs. According

to Table VIII, impact isotherms may be drawn for 0C-ailr mix-
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tures and from Figure 3 it may be seen that impact wave velocl-
ties over 130C meters per second would be necessury in order to
induce excessive high rates of transformatior. in these mixtures.
The observed velocities even in the first measuring distance
show less velcocities than this. Accordingly, these waves must
be instzble in case the sawme reasoning as applied to hydrosen—
air umixtires applies also to CO + air wmixtures. Thls conclu-
sion was arrived at before the measurcments in the sccond neas-
uring distance were carried out. When these were later made,

they justified the conclusion expressed (Fig. 3).

3. Carbon-ionoxide-Oxygen Mixturecs.— The carbon-monoxide-

oxygen mixtures now to be investigated are quite different in

their detonating characteristics from hydrcgen-air mixtures.

2) Data Near the Regiosn of Limits.— While it was cbserved
that hydrogen-air mixtures gave rise to normal detenation waves -
the mixtures approaching equivalent propcrticns were quite in-
tense - none of the (00 + air mixtures would suppcrt a detona-
tion wave. BRut mixtures of carben monoxide and oxygen give Tise
to normal detonation. In this case we have to do with gaseous
mixtures in which detcnatiocn is initiated with some difficulty.
The velocity curve in the region of detonaticn limit is only
half as stecp as the corresponding Hy, + alr curve, the position
on the curve of the limiting detonation veleocity is for the mix—

ture 39% CO + 61% 0, at water-vapor saturatiocn. The normal



N¥oA.C.A. Technical Memorandum No. 554 35

detonation velocity For this mixture 1s about 1180 meters per
second. Other data obtained over this regionare given in Figure 4.

b) Significagnce of Detonation Limits.- Besides the obgerved

velocity curve, Figure 3 shows also impact wave isotherms drawn
from values gziven in Table IX. According to Tables IV, IVa and
VII, the region where very rapid transformation begins is between
950° and 1000° abs. If we examine the impact wave isotherms of
this region we find as might be expected a complete parallel to
the like conditions of the hydrogen-air mixtures. The propor-
tions only differ. The calculated impact curves near the igni-
tion point of the zases cut the steep portion of the velocity
curve in tne same wWaye

From all that has been previously noted, the conditions ex-
isting in the region of detonation limits are well enough estab-
lished to warrant its genersl application. For, without speclal
and extensive experimentation over the detonation limit of any
mixture, we may ccncelve of 1t in much the same way as we dc of
reaction period under isochor conditions and the temperature
relation. In many cases even with existing limited data, secure
and valuable practical results may be obtained. Examples of
these will be given in the following section, 4 (page 36).

c) The Equations for Detonation.- Calculations carried

cut by the help of equations (1) to (5), lead to the same Te—
sults as those recorded under Section II, 2 (pages 12 and 13),

or under Secction III, 1 (pages 37 and 38) for the case of hydre-
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gen-air nixtures. The propagation of stable and of course, also
instable waves of incomplete transformation can be ccnsidered
to apply also to the region of detonation limits.

If rigure 3 ve compared with Figure 4, it'may ve seen that
observed wave velocities of very dilute uixture of CO + 0, are
less than like mixtures of CO + air. This might secem paradox-
ial. The explanation maoy be easily drawn from eguations (1) to
(4): As long as Q Temains small the rate of chemical trans-
formation will also ke too slow to influence markedly the wave
velocity since the wave velocity, as may ke seen from Tables
VIII and IX, is very nearly inversely proportienal to the square

root of the density.

4, Detonation Limits of Other lixtures.— We will now turn

to the consideration of detonation limits in gaseous mixtures
other than those whose experimental data have furnished the
basis of this paper. Fundamentally, from the relationships es-
tablished, we may judge of their possibilities of supporting a
detonation wave and hence arrive at valuable practical infer-
ences as to their detonating characteristics. It is well known
that Zaseous explosicns are to be feared in degree as thelr re-
action process leads to the establishment of a detonation wave.
In experimental work it is a universel observation that it 1s
the detornating reaction that causes damage. In the majority of

cases where gaseous expleosive mixtures are met with 1t will be
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possible from the principles established econnerning detonaticn

limits to determine under what ronditions detonation may occur.

a) Methane-Air Mixtures.- Methane-air mixtures have about

the same ignition pcint (Reference 20, 1 and Reference 1, p.287) -
possibly snmewhat higher - as carton-moncxide--air mixtures, and
the reantion peried at ignition temperature and evern teo 100070
is unusually sinw. At any rate, we knew that for the same tem-
perature, methane is sicwer than carbon moncxide in air mixtures.
Moreover, no methane-air mixture has as high a value of re-
artion heat Q, as the came ~carbon-monrxide-air mixture, for
complete cembusticn., The temperature in all cases ic lewer than
in 20 + alr mixtures for the same mixture ratics of fuel and
air.
Cfarbon-moncxide-air mixtures will not detcnate from initial
atmospheri~ nonditions. In all cases under these cenditions
the factors Q, pressure, temperature are lower in methane-air
mixtures than in €0 + air mixtures. I% should follow methane-
alr mixtures like (0 + air mixtures will not detonate.

b) Instable Waves in Methane-Air Mixtures.— Ingtable deto-

nation waves resulting from intense ignition impulses may occur
in methane-air mixtures as in €0 + air mixtures; and in that
mixture having the lowest ignition point these instable waves
will approach necarer the characteristics of normal detenaticn.

Further, the mcre intense the initial impact wave is, the more
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complete will e the transformafion within them. In such cases,
the equivalent mixture of the explosive gases, reinforced by the
energy of an intense ignition impact, may give a reaction heat
value Q, greater than the mixture having the lowest ignition
temperature. These are cases in which the initial impact wave
near its origin may be destructive even in air. The explosive,
nondetonating mixture would gradually decrease in velocity to
that of the initial impact and after a short time would fall off
faster than the ixture having a lower ignition point and final-
ly go out. Or, under certain favorable conditions, continue its
propagation by normal burning. In no case, even by increasing
greatly the initial impact, will a quasi-stationary wave develop.
The normal detonating velocity of a mixturc is independent of
the wode of ignition. By excessive impact ignition the abnor-
mally high rate induced will at once fall to the normal detona-
tion rate,

c) Hixtures of Fuwaerocus Explosive Gases.— The preceding

paragraphs refer only to mixtures of pure izethane and air, free
from other detonating gases as H,, C,H,, etc., and also free
from coal dust. ©Nevertheless, the above results permit some

of the questions that may arise concerning composite explosive
mixtures to e considered in some degrec quantitatively. In
the present case perhaps that is sufficient. We may ask what,
in general, is to Dbe expected in the case of comnosite gaseous

mixtures that are explosive?



ToA.CoA. Technical lemorandum No. 554 39

In casec the exnleosiv
I

(&

mixture is wmade up of two explosive
gases, Falk found that the ignition point was, in seneral, de-
termined by one of thew. Increasing concentration of the gas
with higher ignition temperature influenced the ignition point
of the mixture very little. At any rate, an uncxpecited increase
or decreasc of the ignition point did rot cccur. Nixiures of

CO + CH, nd eir still remained incapable of supporting a deto-
nation wave,

From tre principles that have been developed in this inves-
tigation it would be expected that the detonation 1iait of &
uwaTkedly detonating mixture (H,) would, by the addition of a
gas of poor detonating quality as methane, be only slightly in-
fluenced; znd conversely, if a detonating gas as H, or C,H,
be added to a methane—air mixture to make it detonate, it would
require such an amount of H, or O,H, that the detonation lim—
1t of the resulting mixture would not ve far removed from the

limit of EH, or O(,H, for the case of a like dilution of these

gases with H,.

d) Consideratien of Other Composite Lixtures (G H,, GH,

<

H.S, C S,).— A few remarks may ©ve offered concerning tae follow-
ing Tadvle X, ~iven oy Dixon and Coward and showing ignition ten-
peratures for various explosive zases when mixed with air, and

with oxygen; given in degrees Celsius.
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TABLE X

Ignition Temperatures (with air) of Various Gases (Dixon, Coward)

In air 585 851 856 543 429 364 (v00)
In 0, 585 850 211 510 428 337 (628

Of these gases the unusual brisance of é;Hg mixtureé is well
known. In none of these gases has the detonation 1imit been in-
vestizated. H,S 1is, according to Dixon, highly explosive but
data concerning it is lacking. C,H, should support normal det-
onation in air mixtures. In fact, Dixon has recorded such obser-
vations. OCS,-air mixtures ignite at 240°C and the heat of reac-
tion for complete nombusticn is 285,000 cal. Accordingly, OS,-
air mixtures should be unwucually prone to detonation; even in

air nixtures the detonation limit should be found for very di-
lute uixtures.

e) Theoretical Limits.- It would seem from the principles

determining detonation limits in a mixture, that it might be
possible to express in any particular case, the limit in defi-
nite numerical value., Although numerical values have been given
it must not be forgotten that tables of ignition temperatures

are only magnitudes depending apparently on numerous conditions.
An instructive example is offered by detonating methane mixtures.
Methane-air mixtures do not detonate; but with a higher oxygen
content they develop normal detonation waves. According to
Mallard and Le Chatelier (Refercnce 1) "rapid transformation"

takes place at 1000°C. Later results obtained by Wheeler
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(Reference 30) confirm the unusually slovw reaction rate of meth-
ane at temperatures even above the ignition point. It is to be
expected that the 1limit mixture will develop a detonation veloc-
i1ty congicerably higher than the value I have found. Take, for
instanrce, the mixture 38 CH, + 3 0;. This should give a limit
value betvecn 1700 and 1800 meters per cecond; indicating a rel-
atively slow rate of decrease of velocity before the limit is
reacned. Two mixture ratios, not greatly different, lying in
the reglon of 1imits will show less difference in detonation
velocity in the case of methane mixtures than in the case of
hydrogen asixtures. Likewise, the instable waves below the lim-
it will show more gradual decrease and continue longer on their
course; since evidently the temperature coefficient for methane
mixtures 1s less than in most others. It is this temperature
coeffircient that plays the chief role in detecrmining the slope
of the curve in the region of detonation limits.

The steep fall in the detonation curve near its 1limit con-
fused the earlier investigators and it was not till the thorough-
going investigations of later worker wss made that it was estab-
lished that each normally détonating mixture developed a fixed
and definite detonation wave. Dixon {Reference 6) found, for
example, Hy + IL,0 + 2 N5, 1650 and 1416 meter: per second. He
also observed the influence of nitrogen in the mixture 2 CH, +
3 0 + 5 Ny and found 1872 and 1888 meters per second; but did

not notice any instability in the detonation waves, although
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these waves lie in the resion of detonation limits. These re-

sults are not accidentsl: In the case of methane the slant of

9]
{0
ot

the curve is le han in hydrogen mixtures. The above results

e

are the only ones given by Dixon that fall within the region of
limits. 1Ia that respect the results are unique,

f) Asplication of the Theory of Limits.— From tiie present

section, ITI, it may ©e seen that it is nossible to determine

in the cases investigated not only whether o mixture would deto-
nate or not, but to determine also in detonating mixtures the
limiting mixture that will support a normal detonation wave,

It is Turther shown that the fundamental principles that have
been developed cover not only the simple cases mentioned, they
cover also cases where the fuel is macde up of a number of explo-
sive gases. The basis of the underlying »rinciples that hove
been stated is well established (the equations for normal detona-
tion). There is only lacking a moTre cxtensive knowledgze of the
relation between teaperature and reaction velocity {vclocity
coefficient) at hizh temperatures. And in the practical problems
that arise in our techric, much uore cxperimental knowledge is
desirable. UNevertheless, without great difficulty, a general
knowlcage of detonation limits is of real value where it is nec-
essary without too great hazard to work with detonating mixtures.
The author has well realized this adventage in cerrying out tech-

A

nical studies on gascous explosive mixtures
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Since the relations determining detonation limits are bet-
ter known than the corresponding Treaction velocities, 1t is
natural to seck a closer relation betwecen them. In spite of the
difficulty of the problem, it is exactly this side of the theory
of detonation limits that holds the greatest interest.

Finally, there are cases where these principles apply that
are best indicated by a concrete example: In determining spe-
cific hezts at high temperatures by the explosion method (Refer-—
ence 5, p.>3) Pier, by the use of €S, + 0, wmwixtures, was able
to use wixtures giving orly 1500°C. This was because aixtures
of higher energy became so brisoant that the manometer readings
were unreliavle. It has already been pointed out that CS;
aixturses showed a marked tendency to detonate. Even when deto-
nation did not develop, manometer readings with this gas werc
unsatisfactory; nressure indication when strong impact waves de-
velop in the bomb no longer give reliable temperature values.
Pier and his guccessors avoided these conditions. This was ac-
complished in two ways: by choosing suitable mixtures and oy

decreaging initial pressures.
SummarcrTy

From results obtained from experimental investigations of
the limits of detonation in gaseous mixtures, the following

conclusions may be stated:
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1. By progressive dilution of the explosive, hence by dc-
creasing temperature, the course of the chemical reaction be-
comes slower and slower until finally the transformation within
the reaction zone becomes so slow that it is not there completed.
This condition of the reaction marks the teginning of the re-
gion of cetonation limits.

2. Upon further dilution the tempcrature and pressure in
the wave fall; also, under these conditions, a lesg degree of
the active gases is transformed within it. This is the cause
for the sharp drop in wave velocity observed over this region.

3, The velocity of the normal detonation wave is definite-
1y determined by the transformation of the active gases within
it. Until the limiting mixture of these gases is reached Dby
progressive dilution, only a quasi-stationary detonation wave

is pogssibie,

Theoretical investigations based on the equations of Riemann,
Hugoniot, and Jouguet lead, with the support of the experimental
results obtained, to an exact theory of detonaticn limits.

4, The equations for detonation describe correctly the
course of the detonation velocity curve in the region of limits
enly for incomplete transformation of the active gases. Insta-
ble detonation waves fall below the normal detonation velocity
~urve or below the velocity of normal sound waves in the mixture.

A1l mixtures weaker than the limiting mixture - no matter how
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intense the initial impact ignition wave may be - gradually de-
crease in veloclty to the velocity of normal sound waves,

5. Impact wave isotherms corresnonding to the ignition
temperature of the mixture, cut the velocity curve for stable
detonation in the region of detonation limits. The detonation
velocity corresponding to the limiting mixture has practically
the same velocity as an impact wave whose temperature and pres-
sure would produce in the mixture an unusually high reaction
rate.

The conditions limiting the formation of normal detonation
waves in hydrogen-air, carbon-monoxide-alr, and carbon-monoxide-
oxygen mixtures have bneen quantitatively investigated. The Te-
sults show good agreement between obscrvation and theory. The
application of the theoretical principles stated to important
practical cases that have receilved little experimental study,
may often suczest explanation for apovarently anomalous results.
This was shown to be the case in the unusual behavior of methane
mixtures in the region of their detonation limits.

From experimental Tresults obtained concerning the veloclty
of detonation waves in the region of their limits, 1t may be
possible to gain mcre accurate knowledge of the relation between

temperature and reaction velocity at very high temperatures.
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